Recent genome-wide association studies have implicated the clusterin gene in the etiology of Alzheimer's disease. The expression and function of clusterin in the developing brain, however, is poorly understood. In this study, we have characterized the zebrafish clusterin gene and determined its structural conservation, developmental expression, and physiological regulation. The structure of the zebrafish clusterin gene and protein is similar to its human orthologue. Biochemical assays show that zebrafish Clusterin is a secreted protein that cannot bind IGFs. In adult zebrafish, clusterin mRNA is detected in many tissues. In early development, clusterin mRNA becomes detectable at 12 h postfertilization, and its levels gradually increase thereafter. In situ hybridization analysis indicates that clusterin mRNA is specifically expressed in the developing diencephalic and myelencephalic choroid plexus. Among various stresses tested, heat shock, but not hypoxic or ionic stresses, increases the levels of clusterin mRNA. Inhibition of the IGF-I receptor-mediated signaling or overexpression of IGF ligands did not change clusterin mRNA levels. In comparison, inhibition or targeted knockdown of Notch signaling significantly increased clusterin mRNA expression in choroid plexus. These results suggest that clusterin is a marker of choroid plexus in zebrafish, and its expression in the developing choroid plexus is under the regulation of Notch but not IGF signaling. (Endocrinology 152: 1860 -1871, 2011) 
T
wo recent large-scale genome-wide association studies have established a link between the human clusterin gene and Alzheimer's disease risk (1, 2) . The human clusterin gene is located on chromosome 8p21-p12 (3) . It consists of nine exons and eight introns (4) and encodes a number of mRNA transcripts and multiple forms of proteins with distinct cellular localizations (5) . The first discovered, and most extensively studied form, is the secreted Clusterin (sCLU), a 75-to 80-kDa glycosylated protein present in all human physiological fluids. This protein is also known as sulfated glycoprotein 2, testosterone-repressed prostate message 2, or apolipoprotein J (6) . sCLU is a disulfide-linked heterodimer consisting of an ␣-chain and a ␤-chain, which are derived from a single protein precursor (6, 7) . Six glycosylation sites have been identified in sCLU (8) . sCLU was first identified as a secreted glycoprotein in ram rete testis fluid that enhanced aggregation ("clustering") of a variety of cultured mammalian cells in vitro (9, 10) . Subsequently, sCLU has been implicated in many biological processes and proposed to be involved in many diverse pathological states, including neurodegeneration, aging, and cancer (6, 7) . In addition to sCLU, a nonglycosylated nuclear form [nuclear Clusterin (nCLU)] has also been reported. nCLU is synthesized from a second in-frame AUG start codon from an alternatively spliced mRNA, which lacks exon II (7) . nCLU has been suggested to be able to interact with the DNA double-strand break repair antigen, Lupus Ku autoantigen protein p70, blocking its function and causing cell death (11) .
Clusterin mRNA is detected in the fetal mouse brain at embryonic day E14, and the expression level gradually increases up to adulthood (12) . In the fetal mouse brain, although low levels of clusterin mRNA can be detected throughout the entire brain, higher levels of clusterin mRNA are detected in the choroid plexuses and in ependymal cells bordering the ventricles (12) . The distribution pattern of clusterin expression remains similar in the postnatal brain and the adult brain. In adult rat and human brains, clusterin mRNA levels are highest in astrocytes, but it is also expressed in the pyramidal neurons of the hippocampus and in the Purkinje cell layer of cerebellum and to a lower level in microglia (13) . In adult rat and mouse brains, most neurons express low levels of clusterin mRNA (13, 14) . Its levels increased under various neurological conditions, such as Alzheimer's disease, Pick's disease, epilepsy, etc., in animal models (12) . In addition to the brain, clusterin mRNA is expressed in all adult tissues (5-7). The clusterin gene expression has been reported to be up-regulated in tissues undergoing various stresses and in various human malignancies (7) .
In vitro studies using various human and mammalian cell culture systems have indicated that the expression of clusterin mRNA is up-regulated by a variety of stresses, such as heat shock, oxidative stress, and low calcium (15) (16) (17) (18) (19) (20) . It was speculated that the elevated clusterin protein acts as an extracellular chaperone and protect cells from these environmental stresses (17) . Many growth factors and oncogenes regulate clusterin gene expression. For instance, it was reported recently that clusterin expression can be induced by low doses of ionizing radiation in human MCF-7 breast cancer cells and that this induction is dependent on the activation of the IGF-I receptor (IGF-IR)/Rous Sarcoma oncogene/ MAPK/early growth response-1 signaling pathway (21) . It was proposed that sCLU could bind to IGF-I and inhibit the ability of IGF-I to bind and activate its cell surface receptors in HeLa cells (22) . Despite a large amount of in vitro data on various possible cellular actions of clusterin in a wide variety of cultured mammalian cells, the in vivo physiological functions of this protein remain unclear. Clusterin knockout mice develop and live normally (12, 23) , leaving in question the functional role of the clusterin gene during early development.
The goal of this study is to identify and characterize clusterin gene(s) from zebrafish, to map its temporal and spatial expression pattern, and to determine its physiological regulation in this unique vertebrate model. We also tested the hypothesis that clusterin is an IGF binding partner and its expression in the developing brain is under the regulation of IGF signaling.
Materials and Methods

Chemicals and reagents
All chemicals and reagents were purchased from Fisher Scientific (Pittsburgh, PA) unless stated otherwise. The antigreen fluorescent protein (GFP) antibody was purchased from Torrey Pines Biolabs (Houston, TX). Ribonuclease-free deoxyribonuclease and restriction enzymes were obtained from Promega (Madison, WI) and New England Biolabs (Beverly, MA). Taq DNA polymerase was purchased from New England Biolabs and Thermococcus kodakaraensis KOD DNA polymerase from Toyobo (Osaka, Japan). Superscript II reverse transcriptase, M-MLV Reverse transcriptase, and oligonucleotide primers were purchased from Invitrogen Life Technologies, Inc. (Carlsbad, CA). The IGF-IR inhibitor, NVP-AEW541, was kindly provided by Norvais (Basel, Switzerland). The Notch inhibitor, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), was purchased from Sigma-Aldrich (St. Louis, MO). Morpholino-modified oligonucleotides (MOs) were purchased from GeneTools (Corvallis, OR).
Experimental animals
Zebrafish (Danio rerio) were maintained on a 14-h light, 10-h dark cycle at 28 C and fed twice daily. Embryos were obtained by natural crossing. Fertilized eggs were raised in embryo medium at 28 C and staged according to the standard method (24). 2-Phenylthiourea 0.003% (wt/vol) was added to the water in some experiments to prevent pigmentation. The SqET33-E20 (Gateways) transgenic zebrafish line was generated as previously reported (25) . All experiments were conducted in accordance with guidelines approved by the University Committee on the Use and Care of Animals, University of Michigan.
Molecular cloning, phylogenetic, and synteny analysis
The full-length zebrafish clusterin cDNA was obtained by 5Ј-and 3Ј-rapid amplification of cDNA ends using the SMART rapid amplification of cDNA ends kit (CLONTECH, Mountain View, CA). The primers were designed based on sequences deposited in GenBank (NM_200802 and AY352658). The genomic structure of zebrafish clusterin was determined by the Blat program (http:// genome.ucsc.edu/cgi-bin/hgBlat) using the cloned full-length cDNA sequence as query to search zebrafish Assembly Zv8. Phylogenetic trees were constructed using the Neighbor Joining method with the MEGA 3.1 software (The Biodesign Institute, Tempe, AZ). Bootstrap analyses were run on 1000 replications. Synteny analysis was carried out based on zebrafish Assembly Zv8 (http:// www.ensembl.org/Danio_rerio/Info/Index), human Build 36 (http:// www.ensembl.org/Homo_sapiens/index.html), and zebrafish and human synteny maps.
Plasmid construction
For biochemical and functional analysis, a cDNA fragment that encodes the zebrafish clusterin open reading frame (ORF) was amplified by PCR. It was subcloned into the pCS2ϩ expression vector. To generate a zebrafish Clusterin-GFP fusion protein, cDNA encoding the zebrafish clusterin ORF without its stop codon was amplified by PCR. The amplified cDNA was subcloned into the pCS2ϩenhanced GFP (EGFP) expression vector. All plasmids were verified by DNA sequencing.
Cell culture and transfection
Human embryonic kidney (HEK)293T cells and human U2 osteosarcoma (U2OS) cells, purchased from American Type Culture Collection (Manassas, VA), were cultured in DMEM or McCoy's 5A medium and supplemented with 10% fetal bovine serum and antibiotics (GIBCO, Grand Island, NY) in a humidified-air atmosphere containing 5% CO 2 . For transfection, approximately 0.5 ϫ 10 6 HEK293T cells were seeded into 35-mm plates (Falcon, Corning, NY). To produce zebrafish Clusterin protein, 2 g pCS2ϩClusterin DNA or pCS2ϩClusterin-EGFP DNA was transfected into cells. Conditioned media were prepared as reported previously (26) .
Western immunoblotting and ligand blotting
For Western immunoblotting, conditioned media from transfected cells were subjected to Western blotting using a GFP antibody. Ligand blotting analysis was carried out using digoxigenin-labeled human IGF-I, IGF-II, and fish (barramundi) IGF-I following published methods (27) .
Subcellular localization
The subcellular localization studies were performed following published procedure (28) . Briefly, 2 g pCS2-EGFP or pCS2ϩClusterin-EGFP DNA was transfected into U2OS cells, which have large nuclei and are easy for nuclear vitalization. One day after transfection, cells were washed three times with PBS and fixed in 4% paraformaldehyde in PBS. After washing, cells were stained with 4Ј,6-diamidino-2-phenylindole, mounted on slides using Fluoromount-G (SouthernBiotech, Birmingham, AL), and photographed under a fluorescence microscope (Nikon Eclipse E600; Nikon, Tokyo, Japan).
RT-PCR and whole mount in situ hybridization analysis
Total RNA was isolated using TRIzol reagent (Invitrogen Life Technologies, Inc.). After deoxyribonuclease treatment, 1 g RNA was reverse transcribed with random hexamer primers and SuperScript II reverse transcriptase. PCR was performed using Taq DNA polymerase. Sequences of primers used were as follows: clusterin, 5Ј-TCGCAAGTTGGTGAGAAATAC-3Ј and 5Ј-GGAGGCT-GTGAAACAAGGAGT-3Ј; ␤-actin, 5Ј-GCCGGTTTTGCTG-GAGATGAT-3Ј and 5Ј-ATGGCAGGGGTGTTGAAGGTC-3Ј; and ornithine decarboxylase, 5Ј-TCAATCCCATCTCTTC-AATTCG-3Ј and 5Ј-TCCGTTTTGCTGGCACAGTC-3Ј. The signal intensity of RT-PCR products was measured densitometrically using a PhosphorImager and ImageJ software (National Institutes of Health, Bethesda, MD). Single-color in situ hybridization using digoxigenin-labeled antisense riboprobes was performed as reported previously (29) . Two-color fluorescent in situ hybridization was performed as described by Ma and Jiang (30) . Images were acquired using Leica TCS SP5 confocal microscope with the Leica LAS AF software (Leica Microsystems, Wetzlar, Germany).
Physiological regulation of clusterin gene expression
The clusterin gene is up-regulated in cultured mammalian and human cells undergoing stress, and the elevated protein has been proposed to act as an extracellular chaperone (6, 7) . To examine the regulation in vivo, we subjected zebrafish embryos to hypoxia, heat shock, and ionic stresses. In the hypoxia experiment, zebrafish embryos were raised from 24 to 48 h postfertilization (hpf) under constant normoxia, constant hypoxia, or raised under hypoxia until 36 hpf and then transferred to normoxia until 48 hpf. Oxygen was depleted by bubbling water with nitrogen gas. The dissolved oxygen content in the hypoxia group was 0.67 Ϯ 0.06 mg/liter for embryos, whereas the normal ambient oxygen levels were 6.6 Ϯ 0.45 mg/liter. In the heat-shock experiment, 24-hpf embryos were heat shocked at 37 C for 1 h every 12 h. They were raised until 48 and 72 hpf. To examine the effect of ionic stresses, 8-hpf embryos were transferred to artificial water deficient in calcium or other ions (see Supplemental Table  1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org) and raised until 5 d postfertilization. At the end of each experiment, RNA was isolated from intact embryos and subjected to RT-PCR.
Pharmacological inhibition experiments
NVP-AEW541, a specific IGF-IR inhibitor (31) , was used to inhibit the IGF-IR in zebrafish embryos. NVP-AEW541 at this concentration can effectively inhibit IGF-IR signaling in zebrafish embryos (32) . DAPT was used to inhibit Notch signaling in zebrafish (33) at the concentration of 10 M DAPT as described previously (34) . Thirty to fifty embryos per group were placed in 24-well tissue culture plates containing 2 ml embryo medium and the dissolved inhibitor per well. These embryos were analyzed at the end of the treatment by whole mount in situ hybridization and RT-PCR as described above.
Overexpression and morpholino knockdown experiments
To examine the possible regulation of clusterin expression by Igf signaling, capped zebrafish Igf1a and Igf2a mRNA were synthesized and microinjected into zebrafish embryos as reported previously (35) . GFP mRNA injected and wild-type embryos were used as controls. After injection, embryos were placed in embryo rearing medium and kept at 28.5 C.
A validated MO was used to knock down DeltaD (dld) (36) . The MO was dissolved in 1ϫ Danieau solution (24) and injected into embryos as reported previously (37) . A standard control MO was used as the control. The injected embryos were analyzed by whole mount in situ hybridization or RT-PCR at 120 hpf.
Statistics
Values are shown as mean Ϯ SEM. Statistical significance among experimental groups was determined by one-way ANOVA, followed by the Tukey's multiple comparison test. Student's t test was used for comparisons between two groups. Statistical tests were performed using GraphPad Prism 4.0 software (GraphPad Software, Inc., San Diego, CA), and significance was accepted at P Ͻ 0.05 or higher.
Results
Cloning and characterization of the zebrafish clusterin gene
Zebrafish clusterin is 13.3 kb long and contains nine exons and eight introns (Fig. 1A) . The overall structure of zebrafish clusterin is similar to the human clusterin gene isoform 2, which encodes sCLU. As shown in brafish clusterin is orthologous to the human clusterin gene. The zebrafish clusterin encodes a protein of 449 amino acids (aa). This protein has a predicted signal peptide of 20 aa and a mature protein of 429 aa (Fig. 1D ) with a predicted molecular mass of 51.9 kDa. In the case of human Clusterin protein, the mature protein is cleaved proteolytically between residues Arg227 and Ser228 to generate the ␣-chain (residues 23-227) and the ␤-chain (residues 228 -449) (16, 17) . These cleavage sites are all conserved in zebrafish Clusterin (Fig. 1D) . The sequence identities between human and zebrafish in these two regions are 41 and 35%, respectively. Importantly, all of the 10 cysteine residues and 5 N-linked glycosylation sites are present in zebrafish Clusterin (Fig.  1D) . Analysis of the deduced zebrafish Clusterin sequence suggested the presence of an endoplasmic reticulum-hydrophobic signal peptide (aa [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . No consensus nuclear localization signal was found.
Zebrafish clusterin encodes a secreted protein that cannot directly bind IGFs
We introduced pCS2ϩClu-EGFP in U2OS cells to determine the cellular localization(s) of zebrafish Clusterin. As shown in Fig. 2A , in the pCS2ϩEGFP-transfected cells, EGFP signal was observed both in the cytoplasm and in the nucleus ( Fig. 2A, a-c) . In comparison, in the pCS2ϩClu-EGFP-transfected cells, EGFP signal was only observed in the cytoplasm ( Fig. 2A, d-f ). To further investigate whether zebrafish Clusterin is indeed secreted, we transfected HEK293T cells with either pCS2ϩClu-EGFP or pCS2ϩClu (which is not tagged by EGFP). Cells transfected with pCS2ϩhuman IGF binding protein (IGFBP)-5-EGFP or Mock-transfected cells were used as controls. In the media conditioned by pCS2ϩClu-EGFP-transfected cells, a prominent band of 120 kDa, which is the expected size, was observed. There were also several minor bands with lower molecular weights. These were likely partially degraded Clusterin-EGFP (Fig. 2B, a) . As expected, no GFP-positive band was detected in the Mock-transfected control group or the pCS2ϩClu group. In the media conditioned by pCS2ϩhumanIGFBP-5-EGFP, two major GFP-positive bands of approximately 60 and 28 kDa, representing the intact IGFBP-5-EGFP and a degraded fragment, were detected (Fig. 2B, a) .
We next performed ligand blotting to test whether zebrafish Clusterin is capable of IGF binding. As shown in Fig.  2B , zebrafish Clusterin, either with or without the EGFP tag, was unable to bind Dig-labeled human IGF-I, human IGF-II, or fish IGF-I ligands. In contrast, human IGFBP-5-EGFP was capable of binding to all three ligands. These results suggest that the zebrafish clusterin gene encodes a secreted protein and that zebrafish Clusterin is not an IGF binder.
Zebrafish clusterin exhibits a specific spatiotemporal expression pattern
The spatial and temporal expression patterns of zebrafish clusterin are shown in Fig. 3A . Clusterin mRNA was detected in many adult tissues, including the eye, brain, gill, heart, liver, kidney, gut, gonad, and muscle. Its expression level in the liver is very low. This is most obvious in the male liver (Fig. 3A) . Compared with the testes, the ovary had higher levels of Clusterin mRNA (Fig. 3A) . During early development, Clusterin mRNA was under the detection limit in early embryos and became detectable at 12 hpf with its levels gradually increasing thereafter (Fig. 3B) . In agreement, no Clusterin mRNA signal was detected by whole mount in situ hybridization analysis in early embryos. Clusterin mRNA was initially detected in 24-hpf embryos, mainly in cells along the midline of the dorsal hindbrain and ventral hindbrain (Fig. 3C, a and b) . At the 36-hpf stage, strong signals were detected in the roof of the fourth ventricle and the midline of ventral hindbrain. Clusterin mRNA was also detected in a small group of cells in the olfactory placodes and a group of cells under the retina. At 48 hpf, a group of Clusterin mRNA-expressing cells appeared at the roof of the fourth ventricle, forming a sheet close to the midline. In addition, strong Clusterin mRNA signal was also detected in a small group of cells in the olfactory placode and a cluster of cells under the retina. This expression pattern became clearer at 72 hpf (Fig. 3C, e and f) . Between 72 and 96 hpf, the Clusterin mRNA-expressing cells formed a diamond shaped domain located in the midline of the fourth ventricle and a smaller domain in the forebrain between the retinas. This pattern was maintained in 120-hpf embryos (Fig. 3C, i-l) . Based on the neuroanatomical location and shape of the hybridization signal and published literature (25, 30) , we speculated that the anterior clusterin-expressing cells are located in the diencephalic choroid plexus and the posterior clusterin-expressing cells in the myelencephalic choroid plexus. To test this idea, we performed two-color fluorescent in situ hybridization analysis using SqET33-E20 (Gateways) transgenic zebrafish embryos. These transgenics express GFP in myelencephalic choroid plexus and diencephalic choroid plexus epithelia (25) . As shown in Fig. 4 , Clusterin mRNA signal was detected in a subset of gfp-expressing cells, suggesting that the clusterin gene is specifically expressed in the developing choroid plexus.
Physiological regulation of clusterin expression in zebrafish embryos
In vitro studies in human and mammalian cell culture systems have indicated that the expression of clusterin is induced by heat shock, oxidative stress, or reduced calcium levels (15) (16) (17) (18) (19) (20) . To assess the effect of hypoxic stress in vivo using the zebrafish model, 24-hpf zebrafish embryos were transferred to and raised under constant normoxia or constant hypoxia from 24 to 48 hpf, or they were raised under hypoxia until 36 hpf and then transferred to normoxia until 48 hpf. Previous studies have shown that hypoxia increased and reoxygenation restored the hypoxia-inducible factor-1-regulated igfbp-1 expression (29, 38) . As shown in Fig. 5A , this treatment had little effect on the clusterin expression levels. In contrast, thermal stress caused a significant elevation in the clusterin mRNA expression. When 24-hpf embryos were subjected to heat shock (1 h at 37 C) every 12 h, the levels of Clusterin mRNA increased by 3.67-fold at 48 hpf and 2.5-fold at 72 hpf (Fig. 5B) . We also investigated the effect of ionic stress by raising the embryos in artificial water containing low calcium, low magnesium, low sodium, low potassium, low chlorine, or low phosphate levels (Supplemental Table 1 ). As shown in Fig. 5C , no significant changes were observed under these conditions. 
In zebrafish embryos, clusterin is regulated by Notch but not IGF signaling
We investigated the possible role of IGF signaling in regulating the clusterin gene expression using two independent approaches. First, NVP-AEW541, a well-established IGF-IR inhibitor (31), was used to block IGF-IRmediated signaling. After its effectiveness in inhibiting IGF signaling and the optimal doses were determined in pilot experiments, embryos were treated with NVP-AEW541 (2 M) from 24 to 48 hpf. As shown in Fig. 6A , this treatment did not cause significant changes in the clusterin mRNA levels. We next determined whether forced activation of IGF signaling is sufficient to induce clusterin expression. We have recently shown that injection of either Igf1a or Igf2a mRNA resulted in the activation of Akt/PKB (protein kinase B) and caused phenotypic changes in the midline development in zebrafish (35) . As shown in Fig. 6B , overexpression of either Igf1a or Igf2a did not result in notable changes in the clusterin mRNA levels at 24 or 48 hpf.
We next investigated the possible role of Notch signaling in regulation of clusterin. Notch signaling has been shown to play a role in choroid plexus development (25, 34) . We used the panNotch inhibitor, DAPT, to inhibit Notch signaling. DAPT was applied to 50-hpf embryos to avoid an indirect effect of early embryonic defects. As shown in Fig. 6C , DAPT treatment resulted in a significant increase in the clusterin mRNA levels. DAPT treatment also increased the size of the clusterin mRNA expression domain in myelencephalic choroid plexus from a mean value of 2980 Ϯ 83.68 m 2 in the dimethyl sulfoxide control group to that of 3723 Ϯ 105.7 m 2 (P Ͻ 0.001, n ϭ 26 -28) in the DAPT-treated group (Fig. 6E) . Likewise, the mean size of the clusterin mRNA expression domain in diencephalic choroid plexus also increased from a mean value of 1387 Ϯ 56.70 m 2 in the control group to that of 1945 Ϯ 59.71 m 2 (P Ͻ 0.001, n ϭ 26 -28) in the DAPT-treated group (Fig. 6E) .
As a complimentary and independent approach, we knocked down dld, which encodes a Notch ligand required for myelencephalic choroid plexus development (36) . As shown in Fig. 6F , injection of dld MO resulted in a highly significant increase in the size of the clusterin mRNA expression domains in myelencephalic choroid plexus, from a mean value of 3364 Ϯ 198.9 m 
Discussion
Zebrafish clusterin shares strong synteny with the human clusterin gene. Zebrafish clusterin gene encodes a secreted protein. This is supported by several lines of evidence. First, zebrafish Clusterin contains a hydrophobic signal peptide but has no consensus nuclear localization signal motif. When transfected into human cells, zebrafish Clusterin is detected in the conditioned media. Cellular localization studies also revealed that the zebrafish Clusterin-EGFP is present in endoplasmic reticulum-and Golgi-like structures but not in the nucleus. In humans, Clusterin is represented by two major forms, nCLU and sCLU (5, 7, 39) . nCLU is the result of readout from a second in-frame AUG start codon due to an alternatively spliced mRNA. Despite repeated efforts, we obtained only one zebrafish clusterin transcript. At least for now, evidence supports existence of one major form of Clusterin in zebrafish.
Zebrafish clusterin mRNA was detected in all adult tissues examined, although its levels are very low in the liver. There appeared to be some gender differences in the liver and gonads. In mammals, Clusterin mRNA is expressed in a wide range of adult tissues and cell types (4, 40, 41) . During early development, zebrafish clusterin becomes detectable at 12 hpf and gradually increases thereafter. This temporal expression pattern is similar to that in mice, where the level of clusterin mRNA shows a gradual increase from embryonic d 14 to the adult stage (12) . Taking advantage of the SqET33-E20 transgenic zebrafish line that specifically expresses GFP in myelencephalic choroid plexus and diencephalic choroid plexus epithelia (25), we revealed that clusterin mRNA is expressed primarily in the developing myelencephalic choroid plexus and diencephalic choroid plexus. Higher levels of Clusterin mRNA have been observed in the mouse embryonic choroid plexuses and ependymal cells bordering the ventricles and in rat fetal choroid plexuses (12, 42) . In the case of mouse embryos, detectable levels of Clusterin mRNA are also found in the entire brain (12) . Likewise, Clusterin mRNA is detected in the fetal brain, spinal cord, and ventricular epithelia in rats (42) . The highly choroid plexus-specific expression of clusterin suggests that it can be used as a marker for the developing choroid plexus in zebrafish.
Choroid plexus is an epithelial-endothelial vascular structure in the ventricular system of the vertebrate brain, and it is a critical component of the blood-brain barrier (43) . The major functions of choroid plexus are the production of cerebrospinal fluid and regulation of the entry of substances into the brain. Choroid plexus is involved in a variety of neurological disorders, including neurodegenerative diseases such as Alzheimer's disease. Earlier studies on the development of choroid plexus were all carried out in mammals, and studies to date suggested that mammalian choroid plexus derives from cells of the rhombic lips (44 -46) . Recent transgenic tracing studies in zebrafish demonstrated a more critical role of cells of the ventricular roof as a primary source that contributes to the medial cluster of choroid plexus (25, 34) . These cells express clusterin. The high levels of clusterin mRNA in developing choroid plexus in zebrafish, rat, and mice are intriguing in light of the fact that the IGF-II is specifically expressed in the epithelium of the choroid plexus of each cerebral ventricle and in the leptomeninges (47). Jo et al. (22) proposed that Clusterin can bind to IGF-I and inhibit its binding to the cell surface IGF-IR and, therefore, negatively regulate the phosphatidylinositol 3 kinase-Akt pathway in cultured cancer cells (22) . Additionally, activation of the IGF-IRmediated signaling pathway by ionizing radiation increased Clusterin expression in cultured HeLa cells (21) . These earlier studies, together with our observation on clusterin expression in developing choroid plexus, raised the interesting possibility that Clusterin may play a role in choroid plexus formation and/or function by interacting with the IGF signaling pathway. The possible role of IGF-IR and insulin receptor signaling for the pathogenesis of Alzheimer's disease has been documented by a number of recent studies and animal models (48) . This attractive hypothesis, however, was not supported by our data because: 1) our biochemical analyses suggested that Clusterin is not capable of IGF-I or IGF-II binding, 2) blocking IGF-IR-mediated signaling in zebrafish embryos had no effect on clusterin expression in vivo, and 3) forced expression of an Igf ligand did not increase clusterin mRNA levels in zebrafish embryos. It should be mentioned that the idea that Clusterin can directly bind to IGF-I was based on a singular experiment (22) . In this experiment, conditioned media were collected from HEK293T cells transfected with the His6-tagged clusterin vector. They were preincubated with exogenously added IGF-I and then pulled down with nickelnitrilotriacetic acid agarose beads. The IGF-I immunoreactivity in the pulled down complexes were measured by ELISA (22) . Although the result of this experiment suggested that IGF-I immunoreactivity was present in the pulled down complex, it did not show a direct binding between Clusterin and IGF-I. In the present study, we employed ligand blot analysis that detects direct protein-protein interaction. Our results showed that IGF-I or IGF-II was unable to bind either GFP-tagged or untagged zebrafish Clusterin, whereas they bound to IGFBP-5 under the same conditions. Our conclusion is also in agreement with the structural features of these proteins. Clusterin has little sequence identity to IGFBPs. In the study by Jo et al. (22) , the authors also transfected HEK293T cells with His6-tagged zebrafish clusterin and showed that nickelnitrilotriacetic acid agarose beads were able to pull down IGF-I. Therefore, the different results are unlikely due to species difference.
Another novel finding made in this study is that the clusterin expression in developing choroid plexus is under the negative regulation of the Delta-Notch signaling pathway. Notch, a single-pass type I transmembrane receptor, is a critical component of an evolutionarily conserved signaling pathway that regulates cell fate specification and differentiation in early development (49) . Notch signaling also functions in the adult brain and has been implicated in Alzheimer's disease pathogenesis (49) . Two recent studies have shown that Notch signaling is required for choroid plexus development in zebrafish (25, 34) . In the present study, we have shown that treatment of zebrafish embryos with the Notch inhibitor, DAPT, resulted in a significant increase in clusterin mRNA levels, as well as the size of clusterin expression domains. Likewise, targeted knockdown of Dld, a Notch ligand, had similar effects. These results are in good agreement with the study by Bill et al. (34) , which demonstrated that DAPT treatment or targeted knockdown of Dld and Dla increased myelencephalic choroid plexus size in zebrafish. The exact molecular mechanism by which Notch signaling inhibits clusterin expression is unclear at present. One possibility is that the reduced Clusterin mRNA levels and expression domain are a result of reduced myelencephalic choroid plexus and diencephalic choroid plexus size. The blockage of Notch signaling inhibits choroid plexus development FIG. 5. Physiological regulation of clusterin gene expression. A, Effect of hypoxia treatment; 24-hpf embryos were subjected to a 24-h constant hypoxia (CH) treatment or a 12-h hypoxia followed by a 12-h reoxygenation (HN) treatment. Embryos raised in constant normoxic (CN) water were used as controls. At 48 hpf, RNA was isolated and subjected to RT-PCR analysis. The clusterin mRNA levels were normalized by ␤-actin mRNA level and presented as fold increase over the control group. Data shown are means Ϯ SEM, n ϭ 4. B, Effect of heat-shock treatment; 24-hpf embryos were subjected to a 1-h heatshock treatment every 12 h. RNA was isolated at 48 and 72 hpf and subjected to RT-PCR analysis. Data shown are means Ϯ SEM, n ϭ 3; P Ͻ 0.05. C, Effect of low ion levels; 8-hpf embryos were transferred to artificial water shown in Supplemental Table 1 and raised until 5 d postfertilization. RNA was isolated and analyzed by RT-PCR. The relative expression levels of clusterin were measured by densitometry and normalized by ␤-actin mRNA levels. Data shown are means Ϯ SEM, n ϭ 3.
by reducing proliferation of cells in the roof of ventricle and reducing the collective migration of cells of tela choroidea (25) . It is also possible that zebrafish clusterin is a direct target of Notch. It is well established that ligand binding of Notch leads to its proteolytic cleavage and results in the release of an intracellular fragment, Notch intracellular domain. Notch intracellular domain translocates to the nucleus and regulates target gene transcription by binding to nuclear cofactors (49) . Regardless of whether Notch signaling directly or indirectly regulates clusterin expression, the fact that clusterin is specifically expressed in the developing choroid plexus and that its expression is under the regulation of Notch signaling has raised the interesting question about the possible role of Clusterin in choroid plexus formation and/or function.
In addition to Notch signaling, heat shock, but not hypoxic or ionic stress, increased clusterin levels in developing zebrafish choroid plexus. Heat-shock (1 h at 42 C) treatment has been shown to induce clusterin gene expression in A431 human cells (15) . Therefore, the heat shockinduced increase in clusterin expression appears to be a conserved mechanism, even though the absolute temperature needed for this induction might differ between the cold-blooded fish and mammals (this study and Ref. 15 ). This observation is important for fast-expanding literature based on heat-shock treatment to induce expression of various transgenes under the control of the heat-shock promoter as it adds choroid plexus to a list of structures affected by heat shock, which until now was limited to somite abnormalities (50) . It has been suggested that stress-induced Clusterin expression provides cytoprotection to various genotoxic stresses, possibly due to its role as an extracellular molecular chaperone (16) . In addition to its classic role in enhancing cell aggregation (clustering) and sperm maturation, Clusterin has also been reported to influence lipid transportation, cell-cell or cell-substratum interaction, cell proliferation, and apoptosis (6, 7, 9, 10) . Given these roles of Clusterin, the heat shock induced of Clusterin expression must be taken into consideration when evaluating the results on choroid plexus development and disease or oncogene studies based on the heat shock-based methodology. In summary, we have characterized clusterin in zebrafish and shown that it is expressed in developing choroid plexus under the regulation of Notch signaling. Our results also revealed that zebrafish Clusterin is not capable of IGF binding, and IGF signaling does not play a role in regulating clusterin expression in choroid plexus. These results provide the first endogenous marker gene for zebrafish choroid plexus. Zebrafish are genetically tractable, and their embryos develop externally; thus, eliminating the confounding factor of maternal compensation. The transparent and rapidly developing zebrafish embryos permit the visualization of tissue and organ formation in real time. Our study has also presented the opportunity to further elucidate the functional role of clusterin in choroid plexus development using this unique vertebrate model organism.
